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ABSTRACT
Mathematical models are powerful tools often applied in the field of epidemiology. The type
and shape of the model will differ between different types of diseases. In this study, stochastic
dynamical models are applied to the entertaining example of vampires, and the results of this
analysis are compared to real-life diseases with small populations of infected. The data used
comes from pop-culture depictions of vampires in literature, television shows, movies, and
fan pages associated with these depictions. The aim of this study is to serve as an educational
tool for modeling diseases with small populations to predict and control the progression of
such diseases through the effective application of stochastic dynamical models.
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INTRODUCTION
As many of us are well aware, disease transmission is influenced by random processes such as
the probability of close contact leading to infection as well as varying rates of recovery.
Especially in smaller populations such as towns, schools, or even households, these random
processes can have a strong impact on the way an outbreak pans out, and it becomes important
to explore and predict different potential outcomes. Mathematical models are powerful tools
that can help achieve those goals and can even become important in informing policy decisions.
This thesis uses the entertaining example of vampires to explore disease models in small
populations in which random processes play an important role. This study is an extension of
Blais and Witkowski’s “Bayesian Analysis of Epidemics - Zombies, Influenza, and Other
Diseases” (2013), which explored disease modeling of large populations using the example of
the zombie apocalypse.
The vampire as we know it today, a blood-sucking undead creature who sleeps in its coffin
during the day only to come out to feed at night, was most popularly represented in Bram
Stoker’s Dracula (1897). However, the literature started a century earlier, and the myth even
further before then (Eldridge, n.d.). It has been suggested that the character of Dracula was
inspired by two historical figures: Vlad the Impaler, or Vlad III Dracula, ruler of the
Romanian region Wallachia during parts of the 15th century, as well as Countess Elizabeth
Báthory, whose family controlled the Romanian region Transylvania (Pallardy, n.d.) and who
is believed to have killed hundreds of young women to use their blood to “preserve her own
vitality” (Eldridge, n.d.).
The medieval myth can be linked to several diseases that match some of the characteristics we
associate with vampires (Dowling, 2016). For example, porphyria is an illness that causes
patients suffering from it to become very sensitive to light. In very rare, and very severe cases,
“the gums recede from the teeth, making them appear far more prominent” (Dowling, 2016).
This, in combination with diseases such as rabies, which “causes biting and general
sensitivities that could lead to repulsion by light or garlic” (Eldridge, n.d.), catalepsy, which
led to some people getting buried alive, causing their corpses to be “found with fresh blood”
(Dowling, 2016), and tuberculosis, a wasting disease (Eldridge, n.d.), meant that people
-2-

Vampires and Other Diseases: Stochastic Infection Dynamics of Small Populations
Honors Thesis for Marijn Jaarsma
invented a creature that would rise from its grave at night to bite people and feast on their
blood.
A well-known story about the 19th century vampire craze in Rhode Island is that of Mercy
Brown. During this time, “one in 250 people in the Eastern United States was dying” of what
was then referred to as ‘consumption’ (Bell, 2008). Amongst these people were Mercy’s
mother, her sister, and herself (Bell, 2008). Her last remaining sibling Edwin Brown had also
fallen ill, and father George found himself with no other solution than to dig up the bodies of
the women to make sure that they weren’t coming back as vampires to draw life from Edwin
(Bell, 2008). Mercy’s body was still in relatively good condition and some blood was found in
her heart, which according to folk legend meant that she must have been a vampire (Bell,
2008). Her heart and liver were taken out and burned, after which the ashes were mixed with
water and fed to Edwin (Bell, 2008). This unfortunately did not cure him, leaving George
Brown the only survivor in his family of what we now know to have been a tuberculosis
epidemic (Bell, 2008). Besides the application in disease modeling, this story also
demonstrates the relevance of the vampire myth as one may draw a parallel between the cure
that was called for in the folk legend and the bleach-drinking approach to curing COVID-19.
While the topic of vampires may seem unusual, the methods and applications used to analyze
the disease dynamics are techniques that are also applicable to diseases in the real world. This
project will serve as a fun and, more importantly, educational tool for modeling diseases with
small populations of infected people. This is important, because we can learn to predict as well
as control the progression of such diseases through accurate collection of data and effective
application of stochastic dynamical systems, which take into account the random nature of
disease. Some important questions this thesis will focus on include how stochastic and
deterministic simulations differ from each other, how the parameters to those different models
influence those differences, what the best ways are to collect data on vampire disease
progression, how reliable the models are, and most importantly, what real-life diseases or types
of diseases can vampires be compared to. The goal of this project is to be fun and educational,
yet also applicable and perhaps a gateway to further research.
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METHODOLOGY
Model Equations
A model that is commonly used in disease modeling is the Susceptible-Infected-Recovered
(SIR) model. This serves as the foundation for the models used in this paper, but was altered
based on the system rules that were found from watching pop culture depictions of vampires
to create new models that would describe the disease progression of vampirism. In the SIR
model, susceptible people move into the infected population at a rate of βSI; the parameter β
is referred to as the infection rate and is multiplied by the number of people that are
susceptible (S) and the number of people that are infected (I) because an interaction by these
two groups is required for infection. As a sick person in this model will eventually recover on
their own, the rate at which someone moves from the infected population (I) to the recovered
population (R) is γI. Here, the parameter γ is referred to as the recovery rate. In this model, β
and γ determine how aggressive a disease is (i.e., how quickly it will spread) and how easily
people recover from it, respectively. The flow of this progression can be seen in the first row
of Figure 1A.
The main difference between the SIR model and our SVR model – in which the V stands for
‘vampires’ – is the fact that vampires require an interaction between a susceptible person and
a vampire for them to move into R, which in this case stands for ‘removed’ rather than
‘recovered.’ The rate of removal in this case becomes γSV, as it depends on both the number
of susceptible people and vampires. Our SVKR model is an improvement upon the SVR
model, as this initial one did not consider the fact that vampires often kill people to feed on
them without turning them into a vampire. The K, then, stands for ‘killed.’ This additional
group requires another parameter, ζ, and to move from susceptible to killed requires an
interaction between a susceptible person and a vampire, making the kill rate ζSV. See Figure
1B and 1C for the flow of each of these models.
Stochastic Dynamics
Within the stochastic dynamical system applied to the SIR model, there are two ‘reactions’ –
shown in Figure 2 – that may occur, each of which will change the state of one person at a
time. The first reaction represents someone becoming infected, moving out of the susceptible
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population and into the infected population; the second reaction represents someone
recovering from the disease, moving out of the infected population and into the recovered
population. When an infection takes place, S will decrease by one and I will increase by one.
Similarly, when a recovery takes place, I will decrease by one and R will increase by one
(Anderson, n.d.). Depending on the number of people in each of the populations, a probability
is assigned to each of the reactions that weights what will happen next. In the SVR model, the
reaction of someone becoming a vampire is weighted by the magnitude of βSV, meaning that
a higher infection rate will increase the likelihood of someone becoming a vampire; the
reaction of a vampire being removed is weighted by the magnitude of γSV, which means that a
higher removal rate will increase the likelihood of a vampire being removed. Based on those
probabilities, the next reaction will be chosen and will occur at a random time interval, and
the populations associated with that equation will increment or decrement by one. Figure 3 is
a visualization of what this may look like. Blue represents the number of susceptible and red
the number of infected people. The time interval at which a reaction may happen differs as it
is randomly chosen, and whether reaction 1 or reaction 2 happens is based on the probability
associated with each of the reactions. To optimize this process over a large number of
simulations, the Gillespie algorithm was used in Python.
Parameter Exploration
The simulations were run in Python using the “pyndamics” library written by Professor Brian
Blais. This library makes it easy to run both deterministic and stochastic simulations, plot them
against each other to compare them, and manipulate the parameters to understand what happens
when certain things change. For example, a higher population may result in the stochastic
simulations better following the deterministic simulation, whereas a lower population may lead
to a much larger variance between individual stochastic simulations. A lot of exploratory work
was done in Python to get a sense of the way that the parameters to the model interact and what
effect can be expected from changing certain values. The effects that were interesting to study
included what would happen to the number of infected as β, γ, or the population size changes,
as well as what would happen to the extinction times (i.e. how long it takes for the disease to
die out) and the outbreak size (i.e. the total number of people that got infected) of the disease.
A higher value for β would indicate that an illness has a quick infection rate whereas a higher
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value for γ would indicate that an illness’ recovery process happens quickly. Figure 4 shows a
visualization of the impacts of different values for these parameters.
Figure 5 shows an example of both a deterministic and a stochastic model fitted to data from a
flu outbreak at an English boarding school. The continuous magenta and turquoise lines show
the results for the deterministic model when 𝛽𝛽 = 1.9 and 𝛾𝛾 = 0.5, and the red and blue lines in
the background show the results for 100 stochastic simulations with the same parameter values.

It can be seen that there is a large variability in when the outbreak size peaks, and the thick red
line at the bottom suggests that there were several simulations in which the disease died out
almost immediately. This variability has everything to do with the random aspect that a
stochastic model takes into account. This is explained further in the Stochastic Dynamics
section.
Figures 6 and 7 show the mean extinction times in blue and outbreak sizes in red, as well as the
standard deviations for 1000 simulations changing either only β (𝑁𝑁 = 1000, 𝛾𝛾 = 0.2), or only

γ (N=1000, β=0.1) at a time. As β increases (i.e., the infection rate increases), the mean

extinction time initially goes up until eventually converging. The standard deviation of the
extinction time will continue to decline while the mean converges. As γ gets larger (i.e., the
recovery rate increases) mean extinction time goes down. Mean outbreak size follows the same
patterns as β and γ change, although it does not see the same convergence as β increases on a
practical scale.
Another way to look at extinction time and outbreak size is by examining their distributions
over 1000 simulations. In Figure 8, the blue graphs on the left show the distribution of
extinction times as N, β, and γ vary, respectively, while the red charts on the right show the
distribution of outbreak sizes as N, β, and γ vary, respectively. It can be seen that a larger
population or a larger value for N will mean longer extinction times and bigger outbreak sizes,
while a higher β means short extinction times and bigger outbreak sizes, and a higher γ means
shorter extinction times and smaller outbreak sizes. As an outbreak progresses over time, the
values of β and γ may change in response to environmental factors. Some examples include
lockdowns, masking policies, and sanitation behaviors. These changes can impact the severity
of the outbreak by hopefully reducing extinction time and outbreak size.
-6-
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Data Collection
The initial approach to collecting data was to look at several pop culture depictions of vampires
and make an estimation of how their population grew over time. This included reading Bram
Stoker’s Dracula (1897) and watching the movie adaptation (1992), as well as viewings of the
Twilight movie (2008), Vampires vs. The Bronx (2020), True Blood (2008), Supernatural
(2006, Season 1, Episode 20; 2007, Season 3, Episode 7), From Dusk Till Dawn (1996), the
Mystery Science Theater 3000 episode on “Samson vs the Vampire Women” (1995), and the
movie and series in the What We Do in the Shadows (2014, 2019, respectively) universe. As
these depictions often track groups of vampires, this meant dealing with small populations,
making it relatively easy to keep track of how many people are affected by them. However, the
focus of a movie or show is usually on the ethics or morals of the creatures as sentient beings
rather than the spread of their ‘disease.’ For this reason, these depictions do not often cover
massive growth of populations as perhaps zombie movies would. A breakthrough in solving
this problem was found in What We Do in the Shadows (2014), which is a mockumentary style
movie that included the vampires’ ages. To get actual data points on when these vampires were
turned, one method was to use the ages shown in the movie along with fan pages that included
those not shown in order to create a timeline.
For example, Table 1 shows the vampires from What We Do in the Shadows (2014) ranked by
their age; Petyr, the oldest, being where t is equal to zero years. Subtracting each of the
subsequent vampires’ ages from Petyr’s age calculates how many years later each of those
vampires were turned. Unfortunately, Petyr dies due to a tragic accident involving a vampire
hunter and sunlight.
MCMC Parameter Estimation
Markov chain Monte Carlo (MCMC) techniques were used in Python to estimate the parameters
of the equations with the data that was collected in the previous stage. Essentially, this technique
uses the data as ‘evidence’ alongside prior belief about the distributions of the parameters to
sample from the posterior distribution, allowing for an estimation of the parameters (“ZeroMath MCMC,” 2017). Figure 9 shows an example of what this looks like when estimating β
and γ for an SIR model. The prior assumptions were that both parameters follow a uniform
distribution on an interval of one to ten, and the data in Table 2 was used as the ‘evidence.’ In
-7-
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this case, β was estimated to be about 1.78, 95% CI [1.56, 2.04]; γ was estimated to be about
0.46, 95% CI [0.41, 0.50].

RESULTS
Using the data from Table 1 and the SVR model, the parameter distributions did not converge
to any particular value through MCMC techniques, so instead the results in Figure 10 were
produced by estimating the parameters by hand. This meant changing the β and γ values and
rerunning the simulations until they followed the data points on the graph. Although it was
difficult to plot the stochastic simulations to follow the data exactly, this figure shows the
stark difference between the deterministic simulation, which quickly dies out, and the
stochastic simulations, which show quite a bit of variability and are generally optimistic about
the vampires’ survival.
The What We Do in the Shadows universe expanded beyond that portrayed by the movie
when a show of the same name was created in 2019. For more data points, the vampires in the
entire universe were brought together in Table 3 and used in further analysis. As he was
significantly older than the other vampires in the dataset, Petyr was considered to be an
outlier, and the vampire count starts at two using the next oldest vampire as 𝑡𝑡 = 0 years.

Unfortunately, this dataset was still not enough to use MCMC to estimate the parameters, so
this was again done by hand. The results of this can be seen in Figure 11. Although
technically the SVKR model was used for these simulations, ζ was kept at 0, mimicking the
SVR model. In these simulations, 𝛽𝛽 = 0.09 and 𝛾𝛾 = 0.1. Looking carefully at this chart, it

can be seen that the majority of simulations show the susceptible population dying out and the
vampires taking over. This of course begged the question: how often does that happen? Figure
12 shows the probability of vampires winning across different values for β and γ; the darker
red the grid, the more likely they are to win. These values are centered around those used in
the simulations in Figure 8, under which circumstances it was computed that the probability
of vampires taking over the world is about 4%. This is, of course, over the course of hundreds
of years, with the average extinction time of humans being just under 500 years; after the
Rhode Island vampire outbreak of the 1800s, we might be at more risk that we think.
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DISCUSSION
The biggest difficulty in creating models that track the progression of vampire populations
according to certain depictions was collecting enough data points that would allow for the
parameters to be estimated with a certain level of accuracy. The MCMC method of estimating
these parameters proved not to be useful as there we were not able to gather enough data to
get any meaningful results from this technique. However, although the variability is high
when plotting the simulations, running enough of them allowed for the computation of some
insightful results.
The SVKR model, although in theory more appropriate than the SVR model, proved difficult
to implement practically as the ζ parameter would have to be set to zero for realistic results,
essentially mimicking the SVR model. For better results, more data would have to be gathered
on the 𝑆𝑆 → 𝐾𝐾 reaction so that the parameters can be better estimated and hopefully produce
more practically interpretable results.

Besides vampires, the initial idea for this study also included an exploration of modeling
diseases that have a seasonal aspect by looking at werewolf depictions and creating models
based on data collected from those. Although we did not have enough time to include
werewolves in this study, it would be a fun and interesting extension of the research that was
done here and by Blais and Witkowski (2013) in their modeling of the zombie apocalypse.
There are many different types of diseases and disease models and the more accessible these
become by using entertaining examples to explain the way they work, the better educated
people will be on disease progression and what is behind the models and predictions that we
are being shown.
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C. SVKR
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Figure 1. Equations and flow of the SIR, SVR, and SVKR models.
S = Susceptible, I = Infected, V = Vampire, R = Recovered/Removed, K = Killed
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Reaction 1:
𝑆𝑆 → 𝑆𝑆 − 1
�
𝐼𝐼 → 𝐼𝐼 + 1

𝑑𝑑𝑑𝑑
= −𝛽𝛽𝛽𝛽𝛽𝛽
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
= +𝛽𝛽𝛽𝛽𝛽𝛽 − 𝛾𝛾𝛾𝛾
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
= +𝛾𝛾𝛾𝛾
𝑑𝑑𝑑𝑑

Reaction 2:
𝐼𝐼 → 𝐼𝐼 − 1
�
𝑅𝑅 → 𝑅𝑅 + 1

Figure 2. Reaction systems of the SIR model.

Figure 3. Visualization of stochastic dynamics using the SIR system of equations.
At a random time interval, one of two reactions will occur based on a probability that
depends on the number of susceptible people (S) and the number of infected (I).
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Figure 4A. Number of infected as β varies.

Figure 4B. Number of infected as γ varies.
As β increases, the peak of I comes earlier and is more steep. As γ increases, the peak of I
flattens and is slightly delayed.
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Figure 5. Simulations of deterministic and stochastic SIR models fitted to flu data.
Displays the difference between the single outcome of the deterministic simulation in
purple and light blue, and the variability in stochastic simulations in red and dark blue.
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Figure 6A. Mean and standard deviation of extinction time as β varies.

Figure 6B. Mean and standard deviation of extinction time as γ varies.
Higher values for β correspond to a longer extinction time, but will eventually converge.
Lower values for γ correspond to a shorter extinction time.
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Figure 7A. Mean and standard deviation of outbreak size as β varies.

Figure 7B. Mean and standard deviation of outbreak size as γ varies.
Higher values for β correspond to a larger outbreak size, whereas higher values for γ
correspond to a lower outbreak size.
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Figure 8. Distributions of extinction time and outbreak size as N, β, and γ vary.
As N increases, the distribution of extinction time and outbreak size shift to the right, and
that of outbreak size flattens. As β increases, the distribution of extinction time shifts left
and becomes narrow, while that of outbreak size shifts right and becomes steep. As γ
increases, both distributions shift left and that of extinction time becomes narrow.
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Figure 9A. Parameter estimation for an SIR model using MCMC.

Figure 9B. Distributions for the parameter values.
Running enough ‘random walks’ creates a distribution for the parameter values.
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Figure 10. Simulation using initial dataset from What We Do in the Shadows (2014).
Displays the importance of the stochastic simulations in terms of the difference between
it and the deterministic simulation. The latter quickly dies out, while the stochastic
simulations show large variability.
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Figure 11. Simulation using combined dataset from the What We Do in the Shadows
universe in which the vampires take over.
The majority of simulations show the susceptible population going to zero and vampires
staying constant, meaning that vampires won.
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Figure 12. Vampire Win % as β and γ vary.
For larger and lower values of β and γ, respectively, the probability of vampires taking
over the world increases, and vice versa. Centered around the parameter values of Figure
11.
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Time (years) No. Vampires
Petyr

0

1

Vladislav

7138

2

Viago

7621

3

Deacon

7817

4

Nick - Petyr

7975

4

Table 1. Data collected from What We Do
in the Shadows (2014)

Time (days)

No. Infected
0

3

1

8

2

26

3

76

4

225

5

298

6

258

7

233

8

189

9

128

10

68

11

29

12

14

13

4

Table 2. Data for flu outbreak at an English boarding school

- 24 -

Vampires and Other Diseases: Stochastic Infection Dynamics of Small Populations
Honors Thesis for Marijn Jaarsma
Name

Time (years)

Baron

No. Vampires
0

2

92

3

Nandor

195

4

Vulvus

253

5

Nadja

454

6

Dantos

554

7

Radinka

554

8

Viago

575

9

Laszlo

654

10

Deacon

771

11

Houston

792

12

Katherine

858

13

Vampire Baby

867

14

Celia Wade-Brown

900

15

Jackie

919

16

Nick

929

17

Jenna

934

18

Vladislav

Table 3. Data collected from the entirety of the What We Do in
the Shadows universe
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APPENDIX A – LITERATURE REVIEW
The first piece of literature that served as an important starting point was Witkowski and Blais’
Bayesian Analysis of Epidemics – Zombies, Influenza, and other Diseases (2013) as they set up
the methodological framework that was attempted to adhere to. The difference between this
project and theirs lies in the types of ‘disease’ that were modeled. Whilst zombies and diseases
like influenza spread on a large scale and will quickly have large populations of infected,
vampires usually operate with much smaller numbers. Deterministic models such as the ones
used by Witkowski and Blais would not be as useful in this case, since they need large amounts
of data to accurately represent the progression of the spread of the disease. For this reason,
stochastic dynamical models were instead applied, which introduce an aspect of randomness,
and thus are better suited for the types of diseases analyzed in this project. Other papers that
model the ‘zombie apocalypse’ include Munz et al’s When Zombies Attack!: Mathematical
Modelling of an Outbreak of Zombie Infection (2009) and Alemi et al’s You Can Run, You Can
Hide: The Epidemiology and Statistical Mechanics of Zombies (2015), both of which are of use
as they take a different approach towards the equations they have chosen to use. Additionally,
Alemi et al also set up a stochastic model in comparison to their deterministic one using the
Gillespie algorithm, a technique that was also used in this project.
To learn more about the type of modeling and the techniques used to come up with parameters,
Joseph Moukarzel’s “From Scratch: Bayesian Inference, Markov Chain Monte Carlo and
Metropolis Hasting, in python” (2018) as well as Blais’ “Twitter Zombies and the Fate of the
World” (2017) were very insightful. These two sources did a good job of introducing Bayesian
probability techniques and their application in Python. Moukarzel goes quite in depth and
quickly gets very technical, but the first part of his article sets up a good explanation of Markov
Chain Monte Carlo and why it is a popular technique to draw out samples from a distribution.
He also has written out some Python code to show how to apply this technique using Python,
but this is where Blais’ notebook comes in. He has written a Python library called ‘pyndamics3’
that includes a ‘Simulation’ object that makes things a lot easier and clearer. I will note that this
object is used for deterministic simulations, but Blais has since updated the library to include a
‘Stochastic_Simulation’ object to make it easier to run stochastic simulations as well. This
notebook also contains notes from his work on the zombie paper and has most of the
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calculations graphed. It provides some good examples of the sort of work that was ultimately
done in this project. Other papers that describe techniques used are Parameter Estimation of
SIR Epidemic Model Using MCMC Methods by Talawar and Aundhakar (2016), which talks
about using Markov Chain Monte Carlo techniques to estimate the parameters to an epidemic
model, and A primer on stochastic epidemic models: Formulation, numerical simulation, and
analysis by Allen (2017), which goes through the process of setting up a stochastic model and
analyzing it with Malaria as an example.
Other works that do, believe it or not, form a basis for this project, include pop culture
depictions of vampires such as Twilight (2008) and Bram Stoker’s Dracula (1897). These and
several others, including the movie and show both named What We Do in the Shadows (2014,
2019, respectively), True Blood (2008), Vampires vs. the Bronx (2020), the Mystery Science
Theater 3000 episode on Samson vs the Vampire Women (1995), Supernatural (2006, Season
1, Episode 20; 2007, Season 3, Episode 7), and From Dusk Till Dawn were important in
forming an understanding of how vampires operate as a disease and what rules are attached to
those structures. As the timespan of these depictions often was not long enough to get a grasp
on the growth of vampire populations over time, some fan pages were also called upon for
more information on when exactly certain vampires were turned. There generally exist
fandom pages for each of these, from which the information was drawn.
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